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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass
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Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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Mixing Matrix:

Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi〉, are a Mixture of Flavor States, |να〉:

|να〉 = Uαi|νi〉. (using sij = sin θij and cij = cos θij)

Uαi =




1

c23 s23

−s23 c23








c13 s13e−iδ

1
−s13eiδ c13








c12 s12

−s12 c12

1





=




c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23





Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ

For Majorana Nu’s
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Phases α2, α3 are unobservable in oscillation

phenomena, (UαiU
∗
βi).

Important in neutrinoless double beta decay.
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parameter best fit 2σ 3σ

∆m2
21 [10−5eV2] 7.65+0.23

−0.20 7.25–8.11 7.05–8.34

|∆m2
31| [10−3eV2] 2.40+0.12

−0.11 2.18–2.64 2.07–2.75

sin2 θ12 0.304+0.022
−0.016 0.27–0.35 0.25–0.37

sin2 θ23 0.50+0.07
−0.06 0.39–0.63 0.36–0.67

sin2 θ13 0.01+0.016
−0.011 ≤ 0.040 ≤ 0.056

Table 1. Best-fit values with 1σ errors, and 2σ and 3σ intervals (1 d.o.f.) for
the three–flavour neutrino oscillation parameters from global data including solar,
atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K and MINOS)
experiments.
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Figure 18: sin2(2θ13) sensitivity limit for the detectors installation scheduled scenario

There are a number of important observations which can be gleaned from Figure 21. First
of all, assume that Double Chooz starts as planned (solid Double Chooz curves). Then it will
quickly exceed the sin2 2θ13 discovery reach of MINOS and CNGS, especially after the near detector
is online (left panel). It will be the most sensitive experiment until at least 2011 and its sin2 2θ13

discovery potential is remarkable. In some scenarios, like inverted mass hierarchy and specific values
of δCP, the reactor measurement would have the best discovery potential. Note, that even the far
detector of Double Chooz alone would improve the current bounds on sin2 2θ13 considerably down
to 0.04 after 4 years and 0.03 after 10 years at the 90% confidence level. The information gained
by Double Chooz can also be used for a fine-tuning of the running strategy of second generation
superbeams with anti-neutrinos. If a finite value of sin2 2θ13 were established at Double Chooz, the
superbeam experiments could possibly avoid the time consuming (due to lower cross sections) anti-
neutrino running and gain more statistics with neutrinos. The breaking of parameter correlations
and degeneracies could in this case be achieved by the synergy with the Double Chooz experiment.

The Chooz reactor complex even allows for a very interesting upgrade, called Triple Chooz [42].
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is shielded by about 300 m.w.e. of 2.8 g/cm3 rock. It is intended to start taking data at Double
Chooz-far at the beginning of 2008.
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sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π

2
δm2

21

δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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At the second oscillation maximum, ∆32 = 3π

2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Asymmetry
Peaks:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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P (νµ → νe) ≈ sin2 θ23 sin2 2θ13
sin2(∆31 − aL)
(∆31 − aL)2

∆2
31

+2 sin 2θ13 sin 2θ23 sin 2θ12 cos θ13

∗sin(∆31 − aL)
(∆31 − aL)

∆31
sin(aL)
(aL)

∆21

∗(cos ∆32 cos δ − sin ∆32 sin δ)

+ cos4 θ13 cos2 θ23 sin2 2θ12
sin2(aL)
(aL)2

∆2
21

(∆31 − aL) = ∆31

(
1− aL

∆31

)
= ∆31

(
1− 2

√
2GF NeE
δm2

31

)

∆32 ≈ ∆31

J = sin 2θ13 sin 2θ23 sin 2θ12 cos θ13 sin δ
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CPV

CPC

νµ → νe

Pµ→e =
∣∣∣

∑
j U∗µj Ueje

−im2
jL/2E

∣∣∣
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

Interference term different for ν and ν̄: CP violation !!!

sparkE – 17 Nov 2003 10



for Inverted Hierarchy δ → π − δ

at Vac. Osc. Max.

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + 2P!

in P + P̄ the matter effects approx. cancel
and CP effects approx. cancel.
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Suppose sin2 2θ23 = 0.96 thus sin2 θ23 = 0.4 or 0.6

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 3

sin2 2θ23 = 0.96
sin2 θ23 = 0.4 0.6

∆31 = π
2

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

1− P (ν̄e → ν̄e) = sin2 2θ13

TEX

0.6

0.4

For sin2 2θ23 = 0.96
thus sin2 θ23 = 0.4 or 0.6
(4*0.4*0.6=0.96)

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 3



for Inverted Hierarchy δ → π − δ

at Vac. Osc. Max.

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + 2P!

in P + P̄ the matter effects approx. cancel
and CP effects approx. cancel.

– Typeset by FoilTEX – 4

For sin2 2θ23 = 0.96
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0.6

0.4

δm
2

31 > 0

δm
2

31 < 0

P (ν̄e → ν̄e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21

− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2

(
δm2

eeL

4E

)
−O(∆2

21)

δm2
ee = cos2 θ12|δm2

31| + sin2 θ12|δm2
32|
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P (ν̄e → ν̄e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21

− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2

(
δm2

eeL

4E

)
−O

(
δm2

21L

4E

)2

δm2
ee = cos2 θ12|δm2

31| + sin2 θ12|δm2
32|
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P (ν̄e → ν̄e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21

− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2

(
δm2

eeL

4E

)
−O(∆21)2

δm2
ee = cos2 θ12|δm2

31| + sin2 θ12|δm2
32|

kinematic phase:

∆ij ≡
δm2

ijL

4E
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P (ν̄e → ν̄e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21

− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2

(
δm2

eeL

4E

)
−O(∆21)2

δm2
ee = cos2 θ12|δm2

31| + sin2 θ12|δm2
32|

kinematic phase:

∆ij ≡
δm2

ijL

4E

< 0.002

– Typeset by FoilTEX – 6

P (ν̄e → ν̄e) = 1− cos4 θ13 sin2 2θ12 sin2 ∆21

− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2

(
δm2

eeL

4E

)
−O(∆21)2

δm2
ee = cos2 θ12|δm2

31| + sin2 θ12|δm2
32|

kinematic phase:

∆ij ≡
δm2

ijL

4E

< 0.002 > 0.01
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Suppose sin2 2θ23 = 0.96 thus sin2 θ23 = 0.4 or 0.6

At Vac. Osc. Max. (∆31 = π
2)
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1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 3

sin2 2θ23 = 0.96
sin2 θ23 = 0.4 0.6

∆31 = π
2

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

1− P (ν̄e → ν̄e) = sin2 2θ13

TEX

0.6

0.4

For sin2 2θ23 = 0.96
thus sin2 θ23 = 0.4 or 0.6
(4*0.4*0.6=0.96)

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 3



T2K:

δm
2

31 > 0

δm
2

31 < 0

Beam 0.5% 

!"#$%&'$%(() *+"+,-$./$+01$2%3$145167819+$:$;<$3"+.$=2>;?!@A B

C45167819+"D$-19-7+7E7+71-C45167819+"D$-19-7+7E7+71-

!!F%($7856.E1819+F%($7856.E1819+

G(H$I<J<$-19-7+7E7+#
=(<&K$LM$N1"8$4$K#6A

-79%%!OP F$(<(()$="IQ R$('#A

*1"6S0$/.6$$1 "551"6"9S1 !1"-,61819+$./$$% T7-"551"6"9S1

"=&8%
%PA$U$O(

VB 1W%

"=-79%%!A$F$(<(O XS071E"ND1$561S7-7.9
=Y$&8% F$%<K4O(ZP 1W%A
[019$-+"+<$166.6$T.879"+1-

-+"+<$166.6$.9D#

=(<&K$LM$4$K#6A

=(<&K$LM$4$K#6A



Phase I
Sensitivity approx 0.5-1%
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NOvA:

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.4

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.47

√
sin2 2θ13

0.05

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.5

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉−
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exact along diagonal ---  approximately true throughout the overlap region!!!

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.4

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.47

√
sin2 2θ13

0.05

i.e. sin2 2θcrit = 0.10

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.5

√
sin2 2θ13

0.05
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√
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√
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i.e. sin2 2θcrit = 0.10

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

(
4∆2/π2

1−∆ cot ∆

)
/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.47

√
sin2 2θ13

0.05
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in the overlap region
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Figure 7: Evolution of the θ13 discovery potential as a function of time (90% CL), i.e., the smallest value

of θ13 which can be distinguished from zero at 90% CL. We assume the normal and inverted simulated

hierarchies in the left and right panels, respectively. The bands reflect the (unknown) true value of δCP.

sensitivity if it is operational significantly before the end of 2011. Since we do not obtain
any CP violation or mass hierarchy sensitivity before 2014, as we shall demonstrate later, the
reactor contribution to those will be completely dominated by Daya Bay. As a peculiarity,
the θ13 sensitivity of NOνA is improved by switching to antineutrinos. However, the global
limit will at that time be dominated by the reactor experiments.

The θ13 discovery potential is shown in Fig. 7 as a function of time. For the beam
experiments, the dependence on the true value of δCP is shown as shaded region, whereas the
reactor experiments are not affected by the true δCP. There is a small dependence on the true
mass hierarchy for the beam experiments, compare left and right panels. The comparison
of Figs. 7 and 6 shows that suitable values of δCP may significantly improve the discovery
potential of beams compared to their sensitivity limit. Indeed, the beam experiments may
discover θ13 for smaller θ13 than Daya Bay in a small fraction of the parameter space (see also
Fig. 1). Overall, it may however be more likely that the reactor experiments are faster. The
NOνA bands become more narrow for some additional antineutrino running, which means
that the best case potential gets slightly worse, but the worst case becomes somewhat better.
Again, this may not be an argument for antineutrino running since the anticipated Daya
Bay sensitivity may not be exceed-able. For a more detailed discussion of the potential
antineutrino running, we refer to Sec. 5.

Note that this discussion is based on the unitarity standard three-flavor oscillation frame-
work. If the search for new physics is taken into account, different reactor experiments, or
reactor experiments and superbeams, may imply different information and therefore be very
complementary; see, e.g., Refs. [46, 47].
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(if IH similar)

At 2σ we have the following limits:

sin2 θ13 < 0.04

| sin2 θ12 −
1
3

| < 0.04

| sin2 θ23 −
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
(

δm2
21

δm2
31

)n

Experiment has probed down to n ≈ 1/2 to 1 !!!

Assumes sin2 θ23 = 1
2
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Figure 2: Fits in the θ13-δCP plane for sin2 2θ13 = 0.1 and δCP = π/2 (upper row) and δCP = 3π/2

(lower row). A normal simulated hierarchy is assumed. The contours refer to 1σ, 2σ, and 3σ (2 d.o.f.).

The fit contours for the right fit hierarchy are shaded (colored), the ones for the wrong fit hierarchy fit are

shown as curves. The best-fit values are marked by diamonds and boxes for the right and wrong hierarchy,

respectively, where the minimum χ2 for the wrong hierarchy is explicitely shown.
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Figure 3: Same as Fig. 2, for the inverted simulated hierarchy.
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At 2σ we have the following limits:

sin2 θ13 < 0.04

| sin2 θ12 −
1
3

| < 0.04

| sin2 θ23 −
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
(

δm2
21

δm2
31

)n

Experiment has probed down to n ≈ 1/2 to 1 !!!

Assumes sin2 θ23 = 1
2
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Figure 8: Mass hierarchy (left panels) and CP violation (right panels) discovery potentials as a function

of true sin2 2θ13 and fraction of true δCP at 90% CL from T2K, NOνA and reactor data. The upper row

corresponds to the normal simulated hierarchy, the lower row to the inverted simulated hierarchy. The

different shadings correspond to different points of time, as marked in the plots (note that “2015” here

means mid 2015). The dashed curves refer to NOνA with neutrino running only, whereas the shaded

contours refer to the nominal NOνA neutrino-antineutrino plan. If no contour is shown for a specific year,

there is no sensitivity. Note the different scales on the vertical axes.
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Beyond the First Oscillation Maximum:

Broadband Beam: Same L, Lower E Fermilab to DUSEL

Narrow Band Beam: Same E, Longer L T2KK
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Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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In VACUUM the SAME but NOT in MATTER
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vacuum ⇐

⇐ same height
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LIQUID ARGON: 100KT Liquid Argon Impact 
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Summary & Conclusions

• Constraint on | sin2 θ23 − 1
2 | could be improved early in T2K/NOvA

running.

• if sin2 2θ23 "= 1 then need to break the sin2 θ23 < or > 1
2 degeneracy!

Makes comparison of reactor and long baseline limits more complicated.

• REASONABLE GOAL:

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
(

δm2
21

δm2
31

)2

≈ 10−3

• Wide Band Beams:

• precision info coming from first (highest energy) peak:
• degeneracies broken by info at second peak
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